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Abstract: This study correlated the refractive indices (RIs) of
unfilled resin mixtures and resin-based composites (RBCs) with
color and translucency of conventional and low-shrinkage RBCs.
Unfilled resin mixtures based on different ratios of conventional
monomers Bisphenol A-glycidyl-methacrylate (BisGMA)/triethyle-
neglycol-dimethacrylate (TEGDMA) and urethane-dimethacrylate
(UDMA)/TEGDMA and a low-shrinkage monomer FIT-852 (FIT,
Esstech Inc.)/TEGDMA were used to prepare model RBCs, con-
taining 30 wt % of the organic matrix and 70 wt % of silanated
barium-glass fillers (n5 1.553, Esstech Inc.). The RIs of resins
were measured on an ABBE refractometer, those of cured RBCs
using the Becke-line method in immersion oils. Color and translu-
cency were determined using an AvaSpec-2048 (Avantes BV)
spectrometer. The RIs of unfilled resin mixtures decreased with
increasing amounts of TEGDMA. Cured RBCs had higher RIs than
their respective resin mixtures. BisGMA-based composites were
more translucent with significantly lower L* values than FIT- and
UDMA-based RBCs. The RIs of unfilled resins positively correlated
with cured RBCs (p50.001), as did the RIs with translucency
(p5 0.001) and color (p5 0.008). Resin mixtures and correspond-
ing RBCs based onUDMA and itsmodified low-shrinkage version,
FIT, showed similar optical properties. The RIs of unfilled resins
appeared to be good predictors of the RIs of cured RBCs. VC 2015
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INTRODUCTION
Contemporary dental composites exhibit a unique balance of
esthetic, mechanical, and biological properties aimed at
restoring integrity, appearance, and function of hard dental
tissues. Their organic–inorganic composition and structure,
based on ﬁller particles homogeneously distributed in a resin
matrix, do not resemble the composition and structure of nat-
ural teeth. Yet, the overall properties of resin-based compo-
sites (RBCs) have been continuously developed over the last
ﬁve decades to reach a point where these materials have
become the material of choice for restoring both anterior and
posterior teeth.1,2
Effects of ﬁllers on the optical properties of RBCs are long
known, ever since the introduction of “miniﬁlled” composites
in late 1970s. A detailed effect of the type, size, and volume/
mass fraction of ﬁllers on various properties of RBCs was in
focus of previous studies.3–6 Higher ﬁller volume decreases
translucency3 and lightness of RBCs almost linearly.4 Other
color components, chroma and hue, were moderately affected
by the amount of ﬁllers in model RBCs.4 Salgado et al.5
reported on variable effects of nanosized silica ﬁllers on color
and translucency of model RBCs. Titanium-dioxide nanopar-
ticles even in minute amounts (<1 wt %) showed a signiﬁcant
effect on translucency, color, ﬂuorescence, and opalescence of
RBCs.6
The effect of monomers on optical properties of RBCs,
mainly translucency, is associated with the refractive index (RI)
of the monomer phase and its relation to the refractive index of
the ﬁller phase.7,8 It is generally accepted that the greater the
mismatch between the RIs of ﬁllers and monomers, the lower
the translucency of the cured RBC. It was also shown that the
RI of uncured material changes upon curing8,9 or certain clini-
cal treatments, such as bleaching.10 Shortall et al.8 suggested
that better shade-matching between RBCs and teeth could be
obtained if the RI difference between the monomer and ﬁller
phase was equal before and after curing. Other properties such
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as opacity, color characteristics, and surface gloss were also
correlated with the RI of experimental RBCs. Translucency
decreased whilst opacity and surface gloss increased with
increased RI of composites.11 A recent study on nanogel pre-
polymers added to model RBCs showed increased RI and lower
translucency of monomer/nanogel formulations.12
Low-shrinkage RBCs were developed to overcome the sin-
gle most unfavorable property of RBCs, that is, polymerization
shrinkage and the associated stress.2,13–17 These RBCs are used
as posterior teeth restoratives and as such are expected to pos-
sess at least satisfactory optical and esthetic properties. How-
ever, literature lacks data on optical properties of low-shrinkage
RBCs and especially the effect of RI of low-shrinkage monomers
on optical properties of their respective RBCs. One reason could
be the focus of manufacturers and researchers on mechanical
properties, curing kinetics, shrinkage, and shrinkage stress.
Another reason might be that most of the low-shrinkage mono-
mers in commercial low-shrinkage RBCs are patent protected
and, thus, unavailable to independent researchers.
The aim of the study was to evaluate the effect of RIs of
unﬁlled resin mixtures and cured RBCs on color and trans-
lucency of model conventional and low-shrinkage RBCs. The
null hypotheses were: (1) there is no difference in color and
translucency between model RBCs; (2) there is no correla-
tion between the RIs of unﬁlled resin mixtures and cured
RBCs; (3) there is no correlation between the RIs of resin
mixtures/RBCs and color/translucency of model RBCs.
MATERIALS AND METHODS
Preparation of unﬁlled resin mixtures and RI
measurements
Conventional monomers bisphenol A-glycidyl methacrylate
(BisGMA), urethane dimethacrylate (UDMA), triethyleneglycol-
dimethacrylate (TEGDMA) from Sigma-Aldrich Chemie GmbH,
Munich, Germany and a low-shrinkage monomer FIT-852 (FIT)
resin from Esstech Inc., Essington, PA, USA were used to
prepare the following resin mixtures (ratio by weight):
BisGMA:TEGDMA—3:1, 2:1, 1:1, 1:2, 1:3
UDMA: TEGDMA—3:1, 2:1, 1:1, 1:2, 1:3
FIT:TEGDMA—3:1, 2:1, 1:1, 1:2, 1:3
Resin mixtures were prepared by measuring about 2 g
of BisGMA, UDMA, and FIT in a light-free test tube on an
analytical balance (d5 0.01, ACCULAB ALC-110.4, Sartorius
group, Goettingen, Germany) and adding the appropriate
amount of TEGDMA to produce the above stated weight
ratio in each group. Resins were homogenized on a rotator
at 20 rpm for 12 h. The RIs of each resin and their mixtures
were measured on an ABBE refractometer (EUInstruments)
at 21.76 0.88C. One drop of resin or resin mixture was
placed with a Pasteur pipette on the refractive prism, the
dark/light line was brought to the center of the viewing
space, and the RI value was noted from the scale.
Preparation of model composites and RI measurements
BisGMA:TEGDMA, UDMA:TEGDMA, and FIT:TEGDMA resin
mixtures based on 2:1 and 1:1 monomer ratios were used to
prepare model RBCs. The photoinitiator system, camphorqui-
none and N,N-dimethylaminoethylmethacrylate (both Sigma-
Aldrich Chemie GmbH), was added in the amount of 0.5 wt %
each, relative to the resin mixture, and ultrasonicated for 1
min to dissolve. Silanated barium-glass ﬁllers (Esstech Inc,
average size 0.7 mm, RI5 1.553) were added to the organic
mixture sequentially and mechanically stirred in light-free
conditions. Final model RBCs consisted of 70 wt % of inor-
ganic ﬁllers and 30 wt % of the organic matrix.
Stainless steel molds, 18 mm in diameter and 2 mm thick,
were placed on a glass slab ﬁlled with composite and pressed
with a glass slide to extrude excess material. Each sample
(n5 3 per group) was light-cured using an LED light-curing
unit (LEDition, Ivoclar Vivadent, Schaan, Liechtenstein) at an
intensity of around 800 mW/cm2, held against the glass slide
to maintain distance. The curing scheme was adopted from the
ISO 4049:2009 standard (Figure 1).18 Upon curing, the sam-
ples were kept dry at 378C for 24 h prior to further
measurements.
The RIs of cured and milled RBCs were measured by an
immersion method (Becke-line method) at room tempera-
ture using a polarized-light microscope (REICHERT
NEOVAR-POL, Mikrovid GmbH, Arnsberg, Germany) and Car-
gille Immersion set (Cargille Laboratories, Cedar Grove, NJ,
USA). According to data from Cargille liquids for tempera-
ture coefﬁcient 2dRI/dT, the RI values were corrected.
Measurements of translucency and color
Translucency and color were measured using an AvaSpec-
2048 spectrometer (Avantes BV, Apeldoorn, The Nether-
lands), operating in the transmittance mode, against a black
and white background. CIELab coordinates were calculated
from reﬂection spectra for the standard illuminant D65.
Translucency parameter (TP) was calculated according to
the following equation:
TP5
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L12L2ð Þ21 a12a2ð Þ21 b12b2ð Þ2
q
where L1 and L2, a1 and a2, b1 and b2 are the CIELab values
against the black and white background, respectively.
FIGURE 1. Curing scheme according to the ISO 4049:2009 standard.
Each sample was irradiated five times, 40 s each irradiation, at 12–3–
6–9 o’clock positions and ending in the center of the sample.
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Color deviation from “ideal white” (DE) of each RBC was
calculated using the following equation:
DE5
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DL21Da21Db2
p
where DL, Da, and Db were calculated as:
DL5 L* sample—L* standard for “ideal white” (100);
Da5 a* sample—a* standard for “ideal white” (0), Db5 b*
sample—b* standard for “ideal white” (0).
Statistical analysis
Data were statistically analyzed in Minitab 16 (Minitab Inc.
State College, PA, USA). One-way analysis of variance
(ANOVA) with Tukey’s post hoc test was used to test the dif-
ferences between TP and DE values of cured RBCs. Pear-
son’s correlation coefﬁcient and regression analysis were
used to examine the correlation between the RIs of unﬁlled
resins/cured RBCs and optical parameters of model RBCs.
The level of signiﬁcance was set at a5 0.05.
RESULTS
Figure 2 presents the RIs of unﬁlled resin mixtures based on
different ratios of base monomers. The RIs of BisGMA:
TEGDMA were closer to the RI of ﬁller particles (1.553) than
the RIs of UDMA:TEGDMA and FIT:TEGDMA resin mixtures.
An increase of TEGDMA and decrease of base monomer in
resin mixtures decreased the RIs in all groups but to a differ-
ent extent. The RIs of resin mixtures used in RBCs were in the
range of 1.474 (UDMA:TEGDMA) and 1.493 (BisGMA:-
TEGDMA) for 2:1 ratio mixtures and 1.470 (UDMA:TEGDMA)
and 1.485 (BisGMA: TEGDMA) for 1:1 ratio mixtures.
Representative images of cured and milled RBC particles
prepared for RI measurements are presented in Figure 3.
Inorganic ﬁller and organic resin matrix appeared as
irregular-shaped, homogeneous particles 50–500 mm in
diameter. Therefore, the RI of the cured RBC relates to the
composite as a whole and not to the either phase (ﬁller or
resin) within the polymer.
The RIs of cured RBCs are compared to those of unﬁlled
resins in Figure 4. In all groups, the RIs increased upon curing
of RBCs and approached the RI of pure ﬁller particles. Simi-
larly to unﬁlled resins, BisGMA-based RBCs exhibited closer
RIs to that of the ﬁller particles (1.553) compared to FIT- and
UDMA-based RBCs. An increase of TEGDMA and decrease of
base monomer (BisGMA, FIT and UDMA) resulted in lower
RIs of BisGMA- (1.544–1.540) and FIT-based RBCs (1.532–
1.531). Conversely, a slight increase in the RI of UDMA-based
RBCs (1.526–1.527) was found with the increased amount of
TEGDMA.
Figure 5 presents DE and TP values for the cured RBCs.
BisGMA-based RBCs showed signiﬁcantly higher DE and TP
FIGURE 2. The RIs of unfilled resin mixtures based on different monomer
ratios.
FIGURE 3. Representative images of milled particles of cured RBCs prepared for RI measurements using the Becke-line method. BisGMA:
TEGDMA 1:1 (left), UDMA:TEGDMA 1:1 (right).
FIGURE 4. The RIs of cured RBCs compared to the RIs of unfilled resin
mixtures.
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values than FIT- and UDMA-based RBCs (p< 0.05). BisGMA-
based RBC based on 2:1 BisGMA:TEGDMA ratio had signiﬁ-
cantly higher TP than its counterpart based on 1:1 BisGMA:-
TEGDMA ratio. FIT- and UDMA-based RBCs had similar DE
and TP values (p> 0.05). There was a trend that BisGMA-
and FIT-based RBCs with lower amounts of TEGDMA (2:1)
had higher TP than their counterparts with higher TEGDMA
amount (1:1). Conversely, a lower amount of TEGDMA in
the UDMA-based RBC was associated with slightly lower
mean TP, as in the case of RIs. Increasing TEGDMA in FIT-
and UDMA-based RBCs increased DE albeit the difference
was not signiﬁcantly different.
Table I presents mean values of the CIELab coordinates
for the tested RBCs. Indicating lightness, CIE L* of BisGMA-
based RBCs was nearly half the value of those for UDMA-
and FIT-based RBCs. CIE a* and CIE b* indicating red-green
and yellow-blue coordinates, respectively, were higher in
BisGMA-based RBCs.
Correlation and regression analyses indicated strong cor-
relation between the RIs of unﬁlled resin mixtures and the
RIs of cured RBCs (Figure 6). A higher RI of unﬁlled resin
mixtures resulted in a higher RI of the cured RBC. Further-
more, positive correlation was found between the RIs of
both unﬁlled resin mixtures and cured RBCs and TP values
(Figure 7). Somewhat stronger correlation existed between
the RIs of unﬁlled resin mixtures and TP. The RIs of both
unﬁlled resin mixtures and cured RBCs positively correlated
with DE values (Figure 8). However, p and R2(adj) values
indicate a weaker relationship between the RIs and DE
compared to that of RIs and TP.
DISCUSSION
Signiﬁcant differences were found between the tested model
RBCs. Positive correlations were established between the
RIs of unﬁlled resin mixtures and ﬁlled polymer, that is,
cured RBCs as well between the RIs and optical properties
of RBCs. Therefore, all three null hypotheses were rejected.
In the present study, a low-shrinkage monomer FIT was
used to prepare a low-shrinkage RBC. According to the manu-
facturer (Esstech Inc.) it is a non-linear, bifunctional urethane-
based methacrylate with a molecular weight between 1100
and 1200. A higher degree of conversion, lower shrinkage, and
better ﬂexural strength of FIT-based than BisGMA-based exper-
imental RBCs were previously reported.19 In the present study,
FIT was used as a model low-shrinkage monomer instead of
patent protected urethane-based monomers found in commer-
cial RBCs, such as Venus Diamond (Heraeus Kulzer) and GC
Kalore (GC Corp.).
The results revealed higher RIs of BisGMA- than UDMA- and
FIT-based mixtures and consequently higher RIs of cured RBCs
based on these resin mixtures. A previous study also found
higher RIs upon curing of RBCs containing UDMA and TEGDMA
monomers and colloidal silica ﬁllers despite the fact that the RI
of silica was lower than that of unﬁlled, uncured resins.9 Short-
all et al.8 reported increased RIs post-polymerization for a
series of BisGMA:TEGDMA RBCs containing barium or
strontium-glass ﬁllers, in most groups exceeding the RIs of pure
ﬁller particles. In the present study, the RIs of cured RBCs did
not exceed the RI of ﬁller particles. The difference between the
two studies could be attributed to the fact that barium-glass ﬁll-
ers with higher RIs were used in the present study (1.553) com-
pared to the ﬁllers used in the study by Shortall et al.8
There was a strong positive correlation between the RIs
of unﬁlled resin mixtures and cured RBCs. This ﬁnding indi-
cates the possibility to predict the RI of a cured RBC based
FIGURE 5. Color and translucency of the cured RBCs based on 2:1 or
1:1 BisGMA/UDMA/FIT to TEGDMA ratio resin mixtures. Color is
expressed as the deviation from “ideal white.” Groups that share the
same letter are not significantly different (p> 0.05).
TABLE I. Mean CIELab Values of RBCs Based on Different
Monomer Ratios
RBC
Mean
L* a* b*
BisGMA:TEGDMA 2:1 52.59 0.84 1.64
FIT:TEGDMA 2:1 100.75 1.24 1.06
UDMA:TEGDMA 2:1 95.40 0.28 1.20
BisGMA:TEGDMA 1:1 53.46 2.42 3.94
FIT:TEGDMA 1:1 95.11 0.38 0.53
UDMA:TEGDMA 1:1 94.92 0.46 0.49
FIGURE 6. Scatterplot of the RIs of unfilled resin mixtures and cured
RBCs with the Pearson’s correlation coefficient (r2), regression equa-
tion, and p values indicating statistical signficance. R2(adj) estimates
the strength of the relationship i.e. describes the amount of variation
in RI_composite that is explained by RI_resin.
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on the RI of its major crosslinking or base monomers. Mea-
surement of the RIs of unﬁlled resins using a simple ABBE
refractometer is a lot easier and less time-consuming as
they are all transparent liquids than sample preparation of
cured RBCs for the Becke-line method based on a series of
immersion oils.
In all unﬁlled resin mixtures, the RIs decreased with
decreased amounts of base monomer, BisGMA, FIT, or UDMA
and increased amount of diluent monomer, TEGDMA. This
was followed by decreased RIs of corresponding BisGMA- and
FIT-based RBCs. A similar ﬁnding was reported for unﬁlled
uncured and cured BisGMA:TEGDMA polymer containing dif-
ferent monomer ratios.20 Conversely, UDMA-based RBC
showed slightly increased RI for 1:1 than 2:1 resin mixture,
that is, an increased amount of TEGDMA resulted in an
increased RI of the cured RBC. The same trend was observed
for TP values of UDMA-based RBCs. The RI seems to be the
major contributor to translucency of RBCs as it strictly fol-
lowed the RI changes in all tested groups. Even in the UDMA-
based RBCs exhibiting a different RI trend than other groups,
TP values were also atypical, that is, higher with a decreased
amount of UDMA and increased amount of TEGDMA.
Signiﬁcantly higher translucency of BisGMA- than UDMA-
based RBCs corresponded well to the study by Azzopardi
et al.7 despite the fact that these authors compared a 2:1 BisG-
MA:TEGDMA-based RBC to a pure UDMA-based RBC using a
different measuring equipment. A similar ﬁnding for two differ-
ent studies indicates a strong inﬂuence of BisGMA on compos-
ite translucency irrespective of monomer ratios. This strong
inﬂuence of BisGMA may be associated with its higher RI
FIGURE 7. Scatterplot of TP values related to the RIs of unfilled resin mixtures and cured RBCs with Pearson’s correlation coefficient (r2) and the
summary of regression analysis.
FIGURE 8. Scatterplot of DE values related to the RIs of unfilled resin mixtures and cured RBCs with Pearson’s correlation coefficient (r2) and the
summary of regression analysis.
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compared to other commonly used monomers, UDMA and
TEGDMA. The present results conﬁrmed higher RIs of unﬁlled
BisGMA-based resin mixtures and cured RBCs compared to
those based on UDMA and its modiﬁed version, that is,
urethane-based low-shrinkage monomer FIT. Despite the fact
that FIT has 2.3–2.53 greater molecular weight than UDMA,
the two monomers have shown similar optical properties in
unﬁlled and ﬁlled materials.
BisGMA-based RBCs exhibited around 10-fold greater
color deviation from “ideal white” compared to UDMA- and
FIT-based RBCs. The grayish color of BisGMA-based RBCs
was mainly determined by the L* coordinate and to a much
lesser extent by the b* coordinate. Lightness (L*) varied to a
great extent even in commercial RBCs,21 but obviously not
as much as in model composites whose optical properties
are not modiﬁed by pigments.
A better ﬁtted relationship was found between the RIs
of unﬁlled resin and translucency of RBCs than between the
RIs of the RBCs and their translucency. RBCs present more
complex and heterogeneous materials with potentially
greater micro-structural variation than unﬁlled resins which
are homogeneously transparent. The presence of ﬁllers not
only inﬂuences the RIs and translucency but also other opti-
cal parameters of RBCs, such as opacity, light scattering,
reﬂectivity, and absorption.3,4,22 Lee performed multiple
regression analyses to establish potential predictors among
the optical properties and color coordinates of cured RBCs
and reported variable coefﬁcients (0.723–0.994).22
Color of cured RBCs and the RIs showed a weaker ﬁt
than translucency and the RIs. Though DE values were not
signiﬁcantly different between FIT- and UDMA-based RBCs,
the mean values did not quite follow the trend for the RIs.
As the RIs of cured RBCs are seldom measured in the litera-
ture, no similar data were found for comparison. Hubbezo-
glu et al.10 measured the RIs of RBCs before and after
bleaching but made no correlation with the initial color.
Great differences in translucency and color parameters
between the cured RBCs indicate to what extent manufac-
turers need to modify the ﬁnal optical parameters of their
materials. The ﬁnal optical properties of a dental restoration
are not only inﬂuenced by material optical parameters
which may change during the course of polymeriza-
tion,8,23–25 but also by layer thickness.26–28 In case of highly
translucent BisGMA-based RBCs, thick layers in anterior
teeth, unsupported by opaque dentin layers often result in
an unwanted grayish shade of the ﬁnal restoration. The
grayish shade of BisGMA-based RBCs was conﬁrmed in the
present study as substantially greater deviation from “ideal
white” compared to UDMA- and FIT-based RBCs.
CONCLUSION
Higher RIs of unﬁlled BisGMA:TEGDMA resin mixtures and
RBCs were associated with higher translucency and greater
deviation from “ideal white” of BisGMA-based RBCs compared
to UDMA- and FIT-based materials. Resin mixtures and their
corresponding RBCs based on UDMA and its modiﬁed low-
shrinkage version, FIT, showed similar optical properties, the
RIs, translucency, and color. The RIs of unﬁlled resins appeared
to be good predictors of the RIs of the ﬁller polymer. Both the
RIs of unﬁlled resins and RBCs positively correlated with trans-
lucency and, to a lesser extent, color of model RBCs. Manufac-
turers of commercial low-shrinkage RBCs should provide
information on the RIs of their low-shrinkage monomers
and resin mixtures to allow understanding of the optical and
esthetic performance of such RBCs.
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